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Reactive oxygen species-mediated tissue injury in experimental ascend-
ing pyelonephritis. Pyelonephritis is the most common urinary tract
infection in females, but the pathogenetic mechanisms are not well
understood. Reactive oxygen species (ROS) have been implicated as cause
of injury in several renal diseases. In this study, we have demonstrated the
role of ROS in pathogenesis of pyelonephritis in Balb/c mice. A clear
correlation between extent of ROS generation and subsequent lipid
peroxidation and DNA damage in kidneys was observed during the course
of infection, from 2 to 14 days. Activities of brush border membrane
marker enzymes were also significantly altered. Administration of antioxi-
dants, superoxide dismutase, catalase and dimethylsulfoxide significantly
reversed the histolpathological changes, reduced the extent of lipid
peroxidation in renal brush border membrane, and also reversed the
altered enzyme activities to near normal situation. These results clearly
suggest that interaction of ROS with various cellular organdies in kidneys
has a significant deleterious effect, and this could be the underlying
mechanism for renal dysfunction in pyelonephritis.
leased extracellularly, ROS are able to interact with various
cellular organelles, resulting in tissue injury [61. ROS have been
implicated in the pathogenesis of several renal diseases, including
renal ischemic injury, amino nucleoside nephrosis and amino
glycoside nephrotoxicity [7—11]. Extraceilular release of ROS
from human neutrophils upon interaction with E. coli has been
shown to result in excessive renal injury [12], while marked
increase in respiratory burst of various phagocytic cells in exper-
imental pyelonephritis has been reported by us in an earlier study
['31.
In the present study, we wanted to elucidate the possible
relationship of renal injury with ROS-mediated tissue damage in
an experimental model of ascending pyelonephritis.
Methods
Bacterial strain
Several attempts have been made to understand the pathogen-
esis of renal injury in pyelonephritis, but the underlying mecha-
nism is still not fully elucidated. It has been shown that virulent
clones of bacteria are less frequently present in patients with
increased renal scarring ['I• More recently [21, it has been ob-
served in subclinical experimental pyelonephritis that bacterial
invasion was not associated with gross or histologic changes within
the renal parenchyma. Both of these studies indicate that renal
scarring is not due to bacterial colonization but perhaps due to
inflammatory reaction taking place inside the infected kidney.
Leukocytic infiltration at the site of infection has been proposed
to be associated with renal injury by many workers [3, 4]. This
leads to speculation that microorganisms may initiate the disease
but progression of the disease may be the result of inflammatory
reactions, characterized by excessive production of reactive oxy-
gen species (ROS), namely superoxide anion (°2), hydrogen
peroxide (H202), hydroxyl radical (Off) and singlet oxygen (102).
For efficient killing of invading pathogens without destruction
of surrounding tissues, these toxic oxygen metabolites should be
produced inside the phagocytic vacuole [51. However, when re-
Escherichia coli 06:K13:H1 (WHO Designation SU 4344/41)
was employed to induce pyelonephritis in most acceptable mouse
models.
Induction of pyelonephritis
Ascending pyelonephritis was induced in female Balb/c mice
(12 to 14 weeks) with no bacteriuria [14]. Mice were anaesthetized
with anaesthetic ether. A sterile French #2 Fogarty's Catheter
(nonradiopaque polythene catheter, outer diameter 0.61 mm,
Clay Adams, USA) with tip cut off, was inserted via the urethral
meatus into the bladder. The bladder was voided by gentle
compression of lower abdomen and i0- E. coli/l00 xl of normal
saline was injected. After the catheter was removed no further
manipulation of urinary tract was done. One hundred microliters
of sterile saline was injected in control mice. Infection was
confirmed by urine culture 24 hours post-inoculation. Animals
were sacrificed at 2, 7 and 14 days post-infection. Histopatholog-
ical examination of kidneys was done to grade the extent and
severity of renal injury.
Isolation of circulating and renal phagocytic cells
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Blood monocytes (BM) and neutrophils (BN) were isolated
by density gradient centrifugation on Ficoll-isopaque column as
described by Boyum [15], while renal macrophages (RM) and
neutrophils (RN) were isolated by the method of Mann et al [16].
Procedures have been described previously [13]. Cell viability was
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checked by trypan blue exclusion. Purity of macrophages was
determined by neutral estrase staining. Cells from three to four
animals were pooled to obtain a sufficient number for various
experiments.
Measurement of reactive oxygen species generation
Generation of ROS in various phagocytic cells was measured by
luminol dependent chemiluminescence (LDCL) assay [171.One
to 2 x 106 cells in 2 ml of minimum essential medium (MEM,
without indicator) were seeded in polyethylene cuvettes and
incubated for 30 minutes at 37°C. Background counts were taken
in a luminometer (Berthold Luminometer, LKB 9500C) set at
37°C in the integration mode. ROS were captured by luminol
(5-amino 2,3-dihydrophthalazine-1,4-dione, 5 mg/mi 0.1 NaOH)
and counts were taken after 60 seconds. Cells were then stimu-
lated with latex (Difco Labs, USA; 0.81 m diameter) and counts
taken every 60 seconds until a peak was achieved. Results are
expressed as peak counts/min/106 cells.
Estimation of thiobarbituric acid reactive substances
Thiobarbituric acid reactive substances (TBARs) were esti-
mated as an indicator of lipid peroxidation in 25% renal homo-
genates and brush border membrane (BBM), pretreated with
butylated hydroxytoulene (4% wt/vol in ethanol) by the method of
Hochestein, Nordenbrand and Ernster [18]. A mixture of 15%
trichloroacetic acid, 0.375% thio barbituric acid and 0.25 N HCI
(total volume 2 ml) was added to appropriately diluted samples (2
ml) and heated for 15 minutes in boiling water bath. Tubes were
cooled and centrifuged at 400 X g for 10 minutes. Absorbance of
the supernatant was read at 532 nm. Malondialdehyde (MDA,
an indicator of TBARS) concentration was calculated by using
extinction coefficient 1.56 )< iO M1 cm and expressed as
nmoles of MDA produced/mg protein.
Estimation of trans-4-hydroxyl-2-nonenal
Trans-4-hydroxy 2 nonenal (HNE) was estimated in renal
homogenates by the method of Selley et al [19], modified by us.
The HPLC System (Waters) included a 6000 solvent delivery
system, 480 spectrophotometer, 720 system controller, 730 data
module, ranin C18 reverse phase column (250 mm x 160 mm,
particle size 5 es), guard column (15 mm X 3.2 mm, Brown Lee
Labs, Santa Clara, CA, USA). Protein was estimated and 250 sl
of appropriately diluted homogenate was used for extraction.
Simultaneously, standard aqueous HNE (gift from Dr. H. Ester-
bauer, University of Graz, Austria), 50 to 200 ng/l00 jtl was also
taken. These were mixed with 250 jsl of 0-2,3,4,5,6-pentafluoro-
benyl hydroxylamine hydrochloride (O-PFB, 2.5 mg/200 d of
1.5 M sodium acetate buffer, pH 4.5). Mixture was vortexed at high
speed for one to two minutes and kept in ice for 10 minutes.
Subsequently, the mixture was sonicated at 14 mA for 30 seconds
(2 cycles) and allowed to stand at room temperature for 15
minutes, followed by extraction with 700 uJ ethylacetate. Ethyl-
acetate layer containing HNE-oxime derivative was dried under
N2 gas. Residue was dissolved in 3 ml of Milli-Q grade water and
applied on Sep-Pak C18 reverse phase cartridges, pre-activated
with 3 ml of methanol and Milli-Q water. Samples were washed
with 1 ml of n-heptane and eluted with 3 ml of 100% acetonitrile.
Acetonitrile was dried under N2 gas. Residue was redissolved in
70% acetonitrile (25 ILl) and applied on C18 reverse phase column
and eluted with 70% acetonitrile (flow rate 1 ml/min). Chromato-
grams were analyzed at 234 nm and peaks of HNE-oxime from
samples were compared with that of the standard oxime derivative
to obtain the concentration. Results are expressed as nmoles
HNE/mg protein.
Estimation of DNA damage
DNA damage was estimated in purified DNA preparation [20]
by ethidium bromide fluorescence (EBF) measurements as de-
scribed by Lown [21]. One hundred microliters of purified DNA
extract were dissolved in 1.9 ml of ethiduim bromide solution (11
mg/mi of 20 mi K3P04, pH 11.5) and its fluorescence measured
at 525 nm exitation and 600 nm emission. For denaturation and
renaturation, DNA was heated at 96°C for 90 seconds and
immediately cooled in an ice bath, after which ethiduim bromide
was added and fluorescence recorded. DNA damage was calcu-
lated as percentage of damage in infected kidneys as compared to
control by following equation:
(EBF after denaturation)con — (EBFafter denaturation)Inf
(EBF before denaturation)con (EBF before denaturation)Inf
(EBF after denaturation)con
(EBF before denaturation)con
Antioxidant administration
Superoxide dismutase (SOD, 3600 U/mg), catalase (17,000
U/mg) and dimethylsulfoxide (DMSO) were administerd intrave-
nously in the schedule described below in different mice. SOD (10
mg/4.0 ml of saline, 50 sl injection volume), catalase (5 mg/4 ml
of saline, 50 1il injection volume) and DMSO (diluted 1:1 with
saline, 50 .tl injection volume) was administered through tail vein,
six hours prior to infection, 12 hours and 24 hours post-infection
in the two-day infected group; and six hours before infection, 12
hours and every 24 hours post-infection in the 7- and 14-day
infected groups.
Preparation of renal brush border membrane
Renal BBM was prepared by the method of Turner and Moran
[22]. Kidneys were dissected out and decapsulated. A total of 25%
of homogenate was prepared in a homogenizing buffer (2 mM
Tris-Hepes containing 50 ifiM Mannitol, pH 7.0). Homogenate
was incubated for 10 minutes in an ice bath after adding 10 mM
CaC12 or MgCI2, followed by centrifugation at 6000 X g for 15
minutes. Supernatant was further centrifuged at 43,000 X g for 30
minutes. The pellet was suspended in Tris-Hepes buffer (1 mM
containing 300 mrvi Mannitol, pH 7.5), to concentration of 10 to 15
mg protein/ml.
Assays of BBM marker enzymes
Alkaline phosphatase (AP), maltase, L-leucine aminopeptidase
(LAP) and v-glutamyl transpeptidase (v-GT) were done [23—26].
Protein was estimated by the method of Lowry et al [27].
Statistical analysis
Analysis of variance and Student's t-test were done using
SPSS/PC version 3.1, a statistical package from IBM, wherever
required. All the values are given in the text.
100 ><
L.t
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Table 1. Severity scores of kidneys from infected mice
Blood monocytes
Blood neutrophils
Renal macrophages
Renal neutrophils
CL response is expressed as counts/min/106 cells. Data represent mean SCM of six different observations.
a vs. control, b vs. 2 day (P < 0.00 1)
Group HNE MDA % DNA damage
Control 0.06 0.01 32.65 3.53 0.07 0.03
2 Day
7 Day
14 Day
0.15 0.Ola
0.28 0.03a
0.66 005abcd
38.80 237ad
75.98 1475abd
120.95 1301ahcd
377 0.89"
12.00 208abd
18.23 226ahd
frank ulceration with ulceration and granular casts in underlying
medulla was seen in renal calyx and subcalyx. Extensive cortical
inflammation with abscess formation was also seen. The medulla
showed heavy tubular destruction, dialation of tubules with flat-
tened epithelium, casts and abscess foci.
Chemiluminescence response
Results
Histopathological examination
Coronal sections of kidneys were stained with hematoxylin and
eosin and evaluated on a semiquantitative scale of 0 to +4
described by Garg et al {28]. A total score indicative of overall
severity of lesions was determined by adding each of the indi-
vidual score (maximum 16). Our results (Table 1) indicate a pro-
gressively significant (P << 0.001) renal injury as the infection
progressed from 2 to 14 days. At two days post-infection, focal
exocytosis of calyceal epithelium with mild shedding and balloon-
ing of epithelial cells was seen. Subcalyceal region showed a mild
inflammatory reaction. The cortex showed mild interstitial inflam-
mation, while mild ballooning of epithelial cells of collecting
tubules was seen in the medulla. At seven days, there was a
marked increase in inflammation with variable changes in calyceal
epithelium. Vascular congestion with superficial ulceration was
observed in subcalyx. Heavy perivascular inflammation was seen
in the cortex, while medulla showed moderate ballooning of
collecting duct epithelium, casts, tubular necrosis, extensive inter-
stitial inflammation and micro abscess formation. At 14 days,
LDCL is widely accepted as a sensitive indicator for ROS
generation. Phagocytic cells undergo respiratory burst when they
come in contact with a stimulating agent. Mammalian cell oxida-
tion reactions produce chemiluminescence which is photons/sect
cell, and this is amplified i0- times by using chemiluminogenic
probe (Luminol). We have monitored the extracellular release of
ROS during the course of infection (Table 2) in circulating as well
as in renal phagocytic cells. No appreciable change in LDCL was
observed at the initial stages of infection; however, at 7 and 14
days post-infection there was a very significant increase (P <
0.001) in LDCL of all cell populations. The quantum of ROS
generation was markedly high in renal phagocytes (P << 0.001) as
compared to circulating cells (Fig. 1) at 7 and 14 days, whereas at
two days only the LDCL of renal neutrophils was significantly
higher as compared to blood neutrophils (P < 0.001).
TBARS in renal homogenates
TBARS levels increased significantly during the course of
infection (Table 3), with a maximum increase observed at 14 days
post-infection. A significant increase (P << 0.001) was also seen
between different groups.
Group Calyx Subcalyx Cortex Medulla Total score
2 Day 0.62 0.3 0.63 0.3 0.38 0.2 0.50 0.3
7 Day 3.00 0.4 2.5 02a,j 2.50 03ad 3.12 0.4""
14 Day 3.75 O.2" 3.25 3.38 3.38 03ad
2.13 0.6
10.88 0.8"
13.75 04adhd
Data represent mean SCM of eight different observations.
a vs 2 day; b vs. 7 day
cp < 0.01; "p < 0.001
Table 2. Chemiluminescence response of various phagocytic cells during the course of infection
Cell population Control 2 Day 7 Day 14 Day
528.01 10.97 509.57 57.0 5901.71 39784ab 6819.56 184.32""
190.13 4.63 207.56 8.60 673.17 l21.l01 2581.81 11845ab
550.35 49.55 565.36 144.44 9095.09 44499ab 944444 8330b
212.71 15.31 693.47 81.86 4823.05 263.10"" 5409.26 324.90°'
Table 3. Lipid peroxidation and DNA damage in kidneys during the
course of infection5
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Fig. 1. Effect of antioxidant administration on Thiobarbituric acid reactive
substances (MDA) in renal bnish border membrane during the course of
infection. Symbols are: () infected; (D) SOD; () catalase; (12) DMSO.
Data represent the mean of six independent observations. Statistical
values are given in the text.
HNE and MDA are expressed as nmol/mg protein. Data represent
mean SEM of six different observations (N = 2/experiment).
a vs. control, ' vs. 2 day, 'vs. 7 day, P < 0.05; "P < 0.001).
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Table 4. TBARS and enzyme activities in renal brush border membrane
Group TBARS
Alkaline
phosphatase
Leucine
aminopeptidase
y Glutamyl
transpeptidase Maltase
Control 0.69 0.2 532.0 160.0 670bffdf 109.30 5.33 88.0 3.0
2 Day
7 Day
0.98 0.09
2.78 0•12athf
475.0 12.00"
380.0 18.00""
105.09 6.0"
76.0
94.30 5.OO"
69.0
89.0 4.0
98.0 5•0b
14 Day 4.70 0.l5" 323.0 12.00 53.0 2.00 41.0 4.0 53.0 2.0
TBARS are expressed as nmol/mg protein; enzyme activities are expressed as moles of substrate hydrolyzed/mm/mg protein. Data represent mean
SEM of six different observations.
a vs. control, b vs. 2 day, "vs. 7 day and d vs. 14 day, P < 0.05
ap < 0.01; fp < 0.001
HNE levels in renal homogenates
To quantitate HNE levels in the kidney homogenates, we
derivatized known concentration of HNE with O-PFB and then
separated the HNE-oxime on HPLC. We observed that pure
HNE had retention time of 3.5 to 3.8 minutes while HNE oxime
eluted at 9.5 to 9.8 minutes. By comparing the peak heights of
derivatized HNE (different concentrations) with peak heights of
underivatized HNE, we observed that —80% HNE could be
derivatized into HNE oxime. Therefore, after making necessary
corrections a calibration curve was made (data not shown).
A significant increase was observed at two and seven days
post-infection (P < 0.05) as compared to controls; however, no
difference was observed between HNE levels at two and seven
days post-infection. Maximum levels were observed at 14 days
(P < 0.001 vs. control and two days and P < 0.05 vs. seven days
post-infection) as shown in Table 3.
DNA damage in kidneys
Ethidium bromide intercalates with duplex DNA with enhance-
ment of its fluorescence [211. The fluorescence is dependent on
the topological characteristics of DNA [291. Denaturation and
renaturation should not modify the molecular structure of intact
DNA, and consequently the ability of DNA to increase EBF
should not be modified. ROS or lipid radicals can introduce
chemical modification into the DNA bases with deleterious
consequences. One of the effects is the loss of ability of DNA to
renature, which is reflected in a decrease of EBF.
Our results indicate a negligible change in DNA topology in the
control animals. However, there was a significant increase in the
percentage of DNA damage as the infection progressed from 2 to
14 days (Table 3). Maximum damage was seen at 7 days (P <
0.001 as compared to 2 days). Although there was a marginal
increase at 14 days, it was not significant as compared to 7 days
post-infection.
TBARS and enzyme activities in BBM
As observed in renal homogenates, TBARS levels in renal
BBM also increased progressively (P << 0.001) with infection
from 2 to 14 days (Table 4). Activities of AP, LAP, v-GT and
maltase were monitored as index for alteration in membrane
biochemistry during the course of infection. While the activities of
AP, LAP and v-GT showed a progressive decline (P << 0.001)
during the course of infection, activity of maltase increased
significantly at 7 and 14 days post-infection (P < 0.05 and P <
0.001) as compared to control and 2 days post-infection respec-
tively, with maximum activity at 14 days (P < 0.001 as compared
to 7 days).
Table 5. Severity scores of kidneys from infected and antioxidant
treated mice during the course of infection
Group Infected SOD Catalase DMSO
2 Day 2i3 0.6 1.92 0.19 2.00 0.46 2.36 0.22
7 Day 10.88 0.8 4.76 0.21 5.68 0.63aC 6.14
14 Day 13.75 0.4 8.63 0.29" 9.76 048ab 10.84 1.04"
Data represent mean SEM of eight different observations.
"vs. infected P < 0.05; "P < 0.01; "P < 0.001
Effect of exogenous administration of antioxidants
Reversal of histopathological changes, altered enzyme activities
and increased TBARS levels in renal BBM was checked with
exogenous administration of antioxidants, namely SOD, catalase
and DMSO.
The histopathological examination of the antioxidant treated
groups showed marked improvement in severity score as com-
pared to the infected groups during course of infection (Table 5).
There was a significant decrease in the severity score at 7 days
post-infection onwards (P < 0.001) with SOD, eatalase and DMSO.
A significant decrease (P < 0.01) was obseved at 14 days, with
SOD and catalase, while with DMSO the decrease was less
significant (P < 0.05). Representative photographs (Figs. 2 to 6)
show normal renal histology (Fig. 2), while at 7 days post-infection
(Fig. 3) widespread interstitial and perivascular inflammation and
tubular damage were seen. Treatment with antioxidants, SOD
(Fig. 4) resulted in marked decrease in inflammatory infiltrate and
there was general structral preservance (Grade 2+). Catalase
(Fig. 5) also resulted in significant decrease in the inflammation
and tubular damage (Grade 2 to 3+), while with DMSO moderate
interstitial inflammation was observed (Grade 3+, Fig. 6).
A significant decrease (P < 0.001) in TBARS levels was
observed in all infected groups after antioxidant administration
(Fig. 7). At two days post-infection, both SOD and catalase
resulted in significant decrease as compared to DMSO (P < 0.01);
however, at 7 and 14 days, DMSO resulted in highly significant
decrease (P < 0.00 1) vis a vis SOD and catalase. TBARS levels in
SOD treated mice were also markedly lower (P < 0.001) as
compared to levels in catalase treated mice.
Administration of antioxidants lead to marked reversal in
altered BBM enzyme activities. AP activity increased significantly
at 7 and 14 days (P < 0.001 vs. corresponding levels in 7 and 14
day infected groups) in SOD and DMSO treated groups; however,
in catalase treated mice marked elevation (P < 0.001) was
observed in all infection days (Fig. 8). Maximum increase in AP
activity was observed with SOD as compared to other antioxidants
at 7 and 14 days post-infection.
Significant increase in LAP levels were observed with all
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Fig. 2. Photomicrograph 1: Normal histology of
renal cortex in control mice (X 25).
Fig. 3. Heavy interstitial and pen vascular
inflammation with tubular damage in renal cortex
in 7 Day infected mice (x 25), graded as 4+.
Fig. 4. Mild interstitial inflammation in SOD
treated mice at 7 days post-infection (X 50)
graded as 2+.
antioxidants (P < 0.001)during the course of infection (Fig. 9). At
2 days, DMSO treated mice showed a maximum increase (P <
0.001) compared to SOD or catalase treated mice. However, at 7
and 14 days post-infection, SOD resulted in a maximum increase
followed by DMSO as compared to catalase (P < 0.001).
No significant change in v-GT levels were observed in the SOD
treated group at 2 days; however, at 7 and 14 days a highly
significant increase was observed (P < 0.001). On the contrary,
catalase and DMSO resulted in marked elevation (P < 0.001) in
v-GT levels in all infected groups (Fig. 10). The maximum
increase was observed with catalase (P < 0.001) at 2 days, while at
7 and 14 days, SOD resulted in significant elevation of v-GT (p) as
compared to other antioxidants.
Maltase activity decreased significantly (P << 0.001) following
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Fig. 5. Mild to moderate interstitial inflammation
in catalase treated mice at 7 days post-infection
(X 40)graded as 2 to 3+.
Fig. 6. Moderate interstitial inflammation in
DMSO treated mice at 7 days post-infection (X
50) graded as 3+.
Fig. 7. Effect of antioxidant administration on alkaline phosphatase levels in
renal brush border membrane during the course of infection. Symbols are:() infected; (El) SOD; (•) catalase; (L::) DMSO. Data represent the
mean of six independent observations. Statistical values are given in the
text.
SOD administration in all infected animals. However, no conse-
quential change was observed with either catalase or DMSO.
Discussion
Over the past decade experimental evidence has amassed to
indicate that partially reduced oxygen or ROS plays a key
Fig. 8. Effect of antioxidant administration on L-Leucine aminopeptidase
levels in renal brush border membrane during the course of infection. Symbols
are: (El) infected; (El) SOD; (N) catalase; () DMSO. Data represent the
mean of six independent observations. Statistical values are given in the
text.
intermediate role in pathophysiology of wide spectrum of clinical
and experimental renal diseases. These range from acute to
chronic and from immune to nonimmune injuries, making the
kidney unique among other organs as the site in which a spectrum
of seemingly unrelated diseases, from minimal change disease to
obstructive nephropathy, involve ROS [30].
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The current notion of reactive oxygen species as ubiquitous
renal pathogenic agents is supported by two lines of experimental
evidence: (i) detection of products of oxidant injury in renal tissue
or urine, and (ii) experimental demonstration of the protective
effect of metabolic inhibitors of oxygen radicals in those disease
settings.
Most importantly, manifestation of cellular injury mediated by
ROS are peroxidation of membrane lipids and damage to DNA in
the vicinity [31—331. Lipid peroxidation is an autocatalytic reaction
which can amplify the destructive potential of free radicals. The
peroxidative damage of membrane leads to the production of an
assortment of aldehydes, epoxides, peroxides and other carbonyl
compounds. These non-radical products are also attributed with
chemotactic as well as genotoxic properties [34]. These products,
mainly MDA and HNE, are more stable than ROS and hence can
even cause base modifications of DNA. In vitro studies have
shown that MDA, 4 hydroxy nonenals and other a, b unsaturated
aldehydes produced by lipid peroxidation react most readily with
guanine bases [35] which can result in mutations. OH radicals can
also react with thymine and guanine bases to form thymine glycol
and 5-hydroxy methyl uracil from thymine and 8-hydroxy guanine
from guanine. All of these modified bases are important biomar-
kers of DNA damage excreted in urine [36].
Important consequences of oxidant injury in kidneys include
structural alterations (cytoplasmic blebbing, nuclear chromatin
clumping and mitochondrial swelling), loss in the energy status,
alterations in the amino acid transport in renal BBM, etc. [37]. In
our study, we have demonstrated that there is marked alteration
in the renal histology during the course of infection. Increased
leukocytic infiltration in the kidneys, explains the enhanced ROS
generation in local milieu. The significant pogressive increase in
ROS generation by all phagocytic cells during course of infection,
particularly by localized macrophages and neutrophils from the
kidneys, shows that the major response is inflicted upon in the
kidneys. In addition, the production of ROS by circulating cells,
though significantly less than LDCL of renal phagocytic cells, was
also observed. This can be explained because kidneys receive 25%
of the cardiac output. Hence circulating phagocytic cells come
into contact with bacterial antigens for a very short time and get
activated, although the antioxidant defense mechanisms in these
cells and other tissues prevent any global damage, whereas direct
Day2 Day7 Dayl4
and localized interaction of renal phagocytic cells lead to sus-
tained and enhanced generation of ROS.
It is now well documented that these toxic metabolites have the
potential to interact with a wide array of cellular organelles,
including membrane lipids, proteins and nucleic acids. Our results
also indicate marked elevations in lipid peroxidation products
such as MDA and HNE in renal tissue, with subsequent damage
to DNA.
Increased lipid peroxidation and DNA damage during the
course of infection could therefore be the underlying mechanism
for widespread alterations in renal morphology and function.
Activities of various renal BBM marker enzymes and TBARS
levels were also studied in order to assess the functional changes,
as our earlier studies indicated that these can be used as biochem-
ical markers of tissue injury in the disease 128]. Activities of AP,
LAP, and v-GT were found to decrease, paralleling with increased
cellular damage (indicated by increased TBARS levels) from 2 to
14 days, while the levels of maltase increased during the course of
infection. It has been reported earlier [38] that initial phase of
renal tubular injury leads to release of surface glycoproteins which
includes AP, LAP and v-GT, followed by increased blebbing of
BBM, which leads to more severe membrane disruption. In-
creased maltase activity may be due to an increased hydrolysis of
disaccharides to release glucose in order to meet energy require-
ments, a compensatory phenomenon often observed during vari-
ous stresses on the BBM. Continuous loss of functioning renal
mass with depletion of tubular marker enzymes during progres-
sion of disease ultimately leads to necrosis of the most vulnerable
proximal tubules, as has been demonstrated by other workers.
Since our results clearly demonstrated the ROS mediated injury
in kidneys, to further prove their role and also have a better
insight into the type of free radical primarily involved in mediating
the tissue injury, we administered various scavengers to see the
reversal.
There was a marked improvement in histology after antioxidant
treatment. Extent of lipid peroxidation decreased significantly
with concurrent changes in BBM marker enzyme activities. This
indicates that primarily ROS, O2, H202 and 0H are being
produced in excessive quantities and participate in pathogenesis
of pyclonephritis. Since SOD could show maximum protective
Days post-infection
Fig. 9. Effect of antioxidant administration on y-glutamyl transaminase
levels in renal brush border membrane during the course of infection. Symbols
are: () infected; (D) SOD; (U) catalase; (ii) DMSO. Data represent the
mean of six independent observations. Statistical values are given in the
text.
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Fig. 10. Effect of antioxidant administration on maltase levels in renal brush
border membrane during the course of infection. Symbols are: () infected;
(D) SOD; (U) catalase; (L:) DMSO. Data represent the mean of six
independent oservations. Statistical values are given in the text.
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effect at various functional and structral levels during the progres-
sion of infection, we propose that O2 radical is the main species
which could be involved in pathogenesis of renal injury.
In the present study, we have clearly demonstrated that ROS
mediate the renal injury in pyelonephritis by causing lipid pcroxi-
dation and subsequent DNA damage, which leads to widespread
structural and functional anomalies in kidneys. However, detailed
studies on the relative importance of various reactive oxygen
species and molecular mechanisms of injury, and adaptation to
oxidative insult are required to have a better insight into the
genesis of renal injury in pyelonephritis.
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